Introduction
Isothiocyanates (ITC) 6 are a group of organosulfur compounds characteristic of a structurally similar functional group, -n = C = S, that exhibits promising cancer preventative potential (1, 2) . Natural ITC, including benzyl-ITC (BITC), phenethyl-ITC (PEITC), and sulforaphane (SFN) are found in cruciferous vegetables such as broccoli, watercress, Brussels sprouts, cabbage, Japanese radish, and cauliflower. The ITC found in these vegetables largely contribute to their cancer chemopreventative benefits. In plant cells, ITC are usually stored in the form of glucosinolates (GS), which are responsible for the unique fragrance and sharp taste of cruciferous vegetables. GS can be converted to and released as active ITC when plant tissue is disintegrated or ground. The content of GS among cruciferous vegetables is determined by cultivating conditions and genotype. SFN is relatively abundant in broccoli and originates from glucoraphanin, whereas watercress contains more gluconasturtiin that is converted to PEITC. The conversion of GS into ITC is catalyzed by the enzyme myrosinase, a thio-glucosidase that is inactivated by heat during food preparation. Therefore, the absorbable ITC in the human diet are mostly derived from GS through a hydrolysis process modulated by microflora in the intestinal tract (3) (4) (5) .
In animal studies, ITC have demonstrated anticarcinogenic activities throughout different stages of tumor growth, including initiation, promotion, and progression, suggesting that ITC have potential in both cancer prevention and therapeutics (6) (7) (8) (9) (10) (11) . More importantly, numerous studies have shown that ITC are well tolerated in a variety of animal models and that they act preferably toward cancer cells than noncancerous normal cells (12) . Epidemiological studies also supported the association of increased dietary ITC intake with reduced lung cancer risk (6, 12, 13) . Furthermore, both cell culture and animal studies indicated that ITC inhibited tumorigenesis and suppressed tumor cell proliferation by inducing apoptosis and cell cycle arrest (12, (14) (15) (16) (17) (18) (19) (20) (21) (22) . A recent dietary study using MS to analyze serum obtained from individuals lacking glutathione S-transferase (GSH) activity has shown that eating cruciferous vegetables results in several changes within the circulating peptidome of these individuals (23) . For example, a fragment of transthyretin and ZAG was found to be differentially abundant in individuals lacking glutathione S-transferase activity consuming diets high in cruciferous vegetables. Being able to detect differentially abundant proteins in circulation suggests that ITC have an important role in cell metabolism in vivo.
As electrophiles, ITC are likely to covalently bind to macromolecules such as DNA, RNA, and cysteine-containing proteins. Previous studies identified inhibitory interactions between ITC and enzymes such as cytochrome P450 and Kelch-like epoxycyclohexenone-associated protein-1 (24) (25) (26) . Reactive oxygen species produced through ITC conjugation and subsequent GSH depletion were also suggested to induce apoptosis (15, 16) . A number of signaling pathways were reported to be associated with ITC-induced apoptosis (6, 15, (27) (28) (29) (30) (31) . In particular, one study found that activation of MAPK and activating protein-1 pathways were likely involved in apoptosis in ITCtreated mouse lungs (7, 8) . However, direct evidence explaining how apoptosis can be initiated as a result of interactions between ITC and target proteins remains elusive. Recent progress in MS technologies has expedited the identification of post-translational modifications of proteins as well as covalent interactions between protein and small molecules that seemed difficult to elucidate using traditional protein technologies (32) (33) (34) . By using proteomic approaches, Cross et al. (35) identified macrophage migration inhibitory factor as an ITC target. ITC covalently modify the N-terminal proline of MIF and abolish its catalytic tautomerase activity. Because MIF is associated with inflammatory responses, its inhibition by ITC may provide potential intervention and therapeutics for inflammatory diseases and cancer. As reactive electrophilic compounds, ITC are likely to covalently bind to and modify multiple cellular target proteins. Here, we summarized published data reporting on the identification of tubulin as a binding target of ITC using proteomic methods and discuss how tubulin modifications induced by ITC can lead to cell cycle arrest and apoptosis in lung cancer cells.
ITC Inhibit Cell Proliferation and Induce Apoptosis
In previous studies, we reported that culturing human non-small cell lung cancer A549 cells with an increased concentration of ITC (1-100 mmol/L) inhibited cell proliferation in a dosedependent manner (22) . The 50% inhibitory concentrations were 13.5, 18.3, and 43 mmol/L for BITC, PEITC, and SFN, respectively, whereas the PEITC structural analogue N-methyl phenethylamine did not inhibit cell proliferation. In a pharmacokinetic study using F344 rats, PEITC reached nearly 20 mmol/ L in plasma a few hours after intake. Even 24 h after ingestion, 4 mmol/L of PEITC can still be detected (36) . Thus, 5-20 mmol/L of ITC used in the cell-based studies is considered physiologically attainable. Besides dose, response to ITC also depends on cell type. Morphological analysis of A549 cells 24 h after treatment with ITC revealed an extensive bulge and irregular shrinkage in the plasma membrane, which are typical signs of apoptosis. These apoptotic-like morphological changes appeared after treatment with 10 mmol/L BITC and PEITC but required higher concentrations of SFN (30 mmol/L). These results were consistent with the relative potency of BITC, PEITC, and SFN in inhibiting the growth of A549 cells (BITC . PEITC . SFN). In addition, poly-(ADP-ribose) polymerase cleavage and stimulation of caspace-3 activity were seen after treatment of A549 cells with 20 mmol/L PEITC or 40 mmol/L SFN, respectively. Therefore, PEITC appeared to be a more potent inducer of apoptosis than SFN in A549 cells, because a higher concentration of SFN was required to produce the same effects of PEITC. Furthermore, time course experiments confirmed that ITC induced apoptosis in the order: BITC . PEITC . SFN (21, 22) .
Tubulin Is a Binding Target for ITC
To better understand the molecular basis for ITC-induced apoptosis in lung cancer cells, DNA and RNA modifications were monitored in A549 cells treated with radiolabeled 14 C-PEITC or 14 C-SFN. Neither DNA nor RNA showed any detectable incorporation of radioactivity (,30 dpm in 200 mg DNA and ,40 dpm in 400 mg RNA with a baseline radioactivity of ;20-50 dpm). Furthermore, no radioactivity was detected in calf thymus DNA incubated in vitro with 14 C-PEITC or 14 C-SFN (21) . Because no detectable DNA-or RNA-ITC adducts were detected, we examined whether proteins were a target for ITC. A549 cells were incubated in the presence of 14 C-PEITC and 14 C-SFN. Proteins extracted from A549 cells were separated using 2-dimensional PAGE (Fig. 1A,B) . Because the 14 C was confined to the functional group of ITC, we predicted labeled proteins would be detectable upon formation of thiocarbamate links with ITC. Superimposing of the colloidal Coomassie blue stained gel image with the exposed X-ray film was used to determine the position of 14 C-labeled proteins. The nonradioactive (i.e., Coomassie blue stained) protein spots were excised from the gel, digested with trypsin, and analyzed using matrixassisted laser desorption/ionization time-of-flight MS using a Voyager 4700. Approximately 30 proteins were identified as potential targets of ITC. Both a-and b-tubulin peptides were detected in multiple spots ( Table 1) . Almost all known tubulin isoforms were identified, suggesting tubulin was a major binding target for ITC.
tubule network was disrupted following treatment with 5 mmol/ L BITC for 30 min or equimolar levels of PEITC for 1 h. In contrast, the microtubule network remained nearly intact in the presence of 10 mmol/L SFN for 4 h. In the presence of BITC and PEITC, we observed a rounding of the cell shape, which was suggestive of collapsed microtubule network and abnormal cytoskeleton organization.
In parallel experiments, we observed that ITC induced changes in secondary and tertiary structures of tubulin (data not shown) (22) . Following treatment of A549 cells with BITC or PEITC (5, 10, and 20 mmol/L) for 4 h, increasing amounts of a-and btubulins precipitates appeared in the insoluble fractions (insoluble in nonionic detergent lysis buffer but soluble in ionic detergent such as SDS) (Fig. 2) . These results suggested that the binding of ITC to tubulins likely induced protein misfolding, leading to tubulin precipitation.
ITC Covalently Bind to Thiol Groups in Tubulin
To examine the amino acids that in tubulin were targeted by ITC, purified tubulin was incubated with ITC in vitro, digested with trypsin, and analyzed using matrix-assisted laser desorp- ([M+H] + of m/z 1008.4) was covalently modified by ITC, generating a mass shift of +149, 163, and 177 Da when treated with BITC, PEITC, and SFN, respectively (22) . To determine the numbers of thiol groups on tubulin that were modified following incubation with ITC, free thiols groups were quantified by measuring the absorbance at 410 nm after reaction with 5,59-dithiobis (2-nitrobenzoic acid). The results revealed differential levels of tubulin thiol modification by BITC, PEITC, and SFN ( Table 2) . At concentrations of 80 and 160 mmol/L (ITC:tubulin cysteine ratio of 1:1 and 2:1), the numbers of thiols modified were 9.5 and 11.7 for BITC, 6.2 and 9.1 for PEITC, and 2.6 and 3.8 for SFN. Thus, the number of modified thiol groups was dependent on the relative concentrations of ITC and tubulin.
An analysis of tubulin genes revealed that 20 cysteine residues are highly conserved (36) . Most of the cysteines are folded and embedded within the protein structure with surrounding pockets accessible only to small molecules (37, 38) . Excluding 6 cysteines that are possibly involved in the formation of disulfide bonds, the results suggest that the remaining 14 cysteines can be potentially modified by ITC (Table 2) . Interestingly, the relative binding affinity of ITC toward cysteines (BITC . PEITC . SFN) was consistent with their ability to induce cell cycle arrest and apoptosis.
Because BITC showed the highest potency in inducing apoptotic changes in tubulin, both the soluble and insoluble fractions of the BITC-treated A549 cell lysates were analyzed using nano reversed-phase LC-MS/MS. The results showed that Cys 347 , a conserved residue in all a-tubulin isoforms (36), was covalently modified by BITC, as indicated by a mass shift of +149 Da (22) . This modification was found only in tubulin from the insoluble cell lysate fraction, suggesting that it may relate to tubulin misfolding and aggregation induced by BITC. This result was in agreement with a previously reported observation that modifications of cysteines often result in loss of tubulin polymerization (39) . MS analysis also showed that none of the 20 cysteines in a-and b-tubulin was modified by oxidation induced by BITC.
In conclusion, the data summarized in this article suggest that covalent modifications of tubulins may contribute to the antiproliferative and proapoptotic properties of ITC. The relative binding affinity of BITC, PEITC, and SFN for tubulins was in good agreement with their ability to induce cell growth arrest and apoptosis in A549 lung cancer cells. The ability of ITC to disrupt tubulin polymerization and microtubular network may contribute to their anticarcinogenic properties. The use of matrix-assisted laser desorption/ionization time of flight/MS/MS was necessary to identify specific cysteines residues modified by BITC. Taken together, the results from these studies support the concept that proteomic tools are necessary to identify protein targets of ITC and characterize their biochemical mechanisms of cell growth inhibition. Considering that tubulin was identified as a major target of ITC and that this protein is ubiquitously expressed in cells, it is quite probable that ITC modify proteins within noncancerous cells as well as cancerous cells. This hypothesis is highly relevant to epithelial cells of the colon and urogenital tract that are exposed to high levels of ITC (40) . 2 The stoichiometric ratio between compound and cysteines in tubulin.
